Ion channels activated by the binding of cyclic nucleotides first were discovered in retinal rods where they generate the cell's response to light. In other systems, however, it has been difficult to unambiguously determine whether cyclic nucleotide-dependent processes are mediated by protein kinases, their classical effector enzymes, or cyclic nucleotide-gated (CNG) ion channels. Part of this difficulty has been caused by the lack of specific pharmacological tools. Here we report the purification from the venom of the Australian King Brown snake of a peptide toxin that inhibits current through CNG channels. This toxin, which we have named Pseudechetoxin (PsTx), was purified by cation exchange and RP-HPLC and has a molecular mass of about 24 kDa. When applied to the extracellular face of membrane patches containing the ␣-subunit of the rat olfactory CNG channel, PsTx blocked the cGMP-dependent current with a K i of 5 nM. Block was independent of voltage and required only a single molecule of toxin. PsTx also blocked CNG channels containing the bovine rod ␣-subunit with high affinity (100 nM), but it was less effective on the heteromeric version of the rod channel (K i Ϸ 3 M). We have obtained N-terminal and partial internal sequence data and the amino acid composition of PsTx. These data indicate that PsTx is a basic protein that exhibits some homology with helothermine, a toxin isolated from the venom of the Mexican beaded lizard. PsTx promises to be a valuable pharmacological tool for studies on the structure and physiology of CNG channels.
For many years cyclic nucleotides were presumed to exert their numerous cellular effects primarily through the activation of the cyclic nucleotide-dependent protein kinases, PKA and PKG (1, 2) . Recently, however, this assumption has been challenged by the advent of ion channels directly activated by the binding of cyclic nucleotides. These channels are emerging as important components of signaling systems throughout the body (3) . Cyclic nucleotide-gated (CNG) channels first were identified in the sensory epithelium of the visual and olfactory systems where they generate the receptor's electrical signal in response to light and odorants (for a review see ref. 4 ). In the past few years, CNG channels have been discovered in other excitable tissues such as the brain, heart, and skeletal muscle, as well as nonexcitable tissues such as the liver, kidneys, and testes. Their roles in nonsensory cells, however, remain obscure. In the retina, CNG channels have been shown to stimulate synaptic transmission in response to nitric oxide cues (5, 6) , and recent results suggest that they may play a role in long-term potentiation (7) . In nonexcitable tissues they may provide a regulated pathway for the entry of extracellular calcium (8) .
CNG channel proteins are tetramers containing ␣-and ␤-subunits (9) (10) (11) (12) (13) (14) (15) . Each subunit contains an amino-terminal transmembrane domain and pore region (16) followed by a single cyclic nucleotide-binding domain near the carboxyl terminus (17) . The cooperative binding of four cyclic nucleotide molecules activates a nonspecific cation conductance (18) . Although expression of the ␣-subunits alone generates cyclic nucleotide-dependent currents, coexpression of the ␤-subunits creates channels that more faithfully reproduce the properties of the native channel (13, 14) .
The lack of specific pharmacological tools has made it difficult to unambiguously determine whether cyclic nucleotide-dependent processes are mediated by PKs, their classical effector enzymes, or CNG channels. Although there is a formidable array of specific blockers for sodium, calcium, and potassium channels, specific blockers for CNG channels are scarce. A number of pharmaceuticals, including L-cis-diltiazem (19) , tetracaine (20) , pimozide (21) , and LY-58358 (22) , have been reported to block current through CNG channels, but these agents have significant drawbacks. First, they exert their effects from the cytoplasmic face of the channel, making their utility questionable in more intact preparations. Second, all of these blockers have multiple targets, making results somewhat difficult to interpret. An alternative route to determine the identity of the effector enzyme is through the development of cyclic nucleotide analogs with differential effects on CNG channels and PKG. Some progress has been made in this direction in the past few years. Wei and colleagues (23) have produced a series of cGMP derivatives that combine phosphorothioate modification of the cyclic phosphate with phenyletheno-(PET) derivatization of the 2-amino group. Specifically, they have shown that the S P -8-Br-PET-cGMPS isomer is a potent activator of PKG, but a competitive inhibitor of the rod CNG channel (23) . Conversely, the R P -8-Br-cGMPS activates the CNG channel, but antagonizes activation of PKG (24) . Although these derivatives show some promise as selective pharmacological agents, they bind to the channel with rather low affinity and their ability to permeate the cell membrane is unclear.
In this manuscript, we report the purification of a peptide toxin that blocks current through CNG channels when applied to the extracellular face of excised outside-out membrane patches. This toxin was purified from the venom of Pseudechis australis, the Australian king brown snake, and promises to be a useful pharmacological tool to study the structure and function of CNG channels.
MATERIALS AND METHODS
Snake venoms were obtained from Venom Supplies (Tanunda, South Australia). Spider venoms were from Spider Pharm
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(Feasterville, PA). Other venoms were from Sigma. Calcium channel blockers were from Alamone Labs (Jerusalem, Israel). Cyclic nucleotides and tosylamidophenylethyl chloromethyl ketone-treated trypsin were from Sigma. cDNAs encoding the ␣-subunits of the olfactory and retinal CNG channels were the kind gifts of R. R. Reed (Johns Hopkins University), Emily Liman (Harvard University), and William Zagotta (University of Washington). The cDNA encoding the rod ␤-subunit was the gift of Robert Molday (University of British Columbia). L-cis-Diltiazem was the gift of E. Boehme at Hoechst-Marion-Roussel (Cincinnati, OH). All other reagents were of the highest purity available. Purification of Pseudechetoxin (PsTx). We have purified PsTx by using two methods. In the first method, 100 mg of dried venom from Pseudechis australis was dissolved in 1 ml of HPLC starting buffer (water containing 0.1% trifluoroacetic acid, TFA); insoluble material was removed by a 5-min centrifugation at maximum speed in an Eppendorf microcentrifuge. The clarified venom was loaded onto a Jupiter C5 column (250 ϫ 21.2 mm; Phenomenex, Torrance, CA) by using a Hewlett-Packard 1100 HPLC system. PsTx was eluted with a 120-min gradient from 0.1% TFA to 80% acetonitrile (containing 0.08% TFA) with a 5 ml͞min flow rate. Fractions containing PsTx inhibitory activity were pooled, and PsTx was further purified by isocratic elution from an analytical (250 ϫ 4.6 mm) C4 Jupiter column (Phenomenex) by using 40% acetonitrile͞water (containing 0.1% TFA).
A second purification method used an initial step of cationexchange chromatography. Fifty milligrams of dried P. australis venom was dissolved in 50 mM Hepes, pH 7.5, and applied to a Bioscale S-5 column (Bio-Rad). The venom components were eluted from this strong cation-exchange matrix by using a 60-min linear gradient from 0-2 M KCl with 50 mM Hepes, pH 7.5 throughout. Each fraction was screened for the presence of PsTx by analytical RP-HPLC (as described below) and SDS͞PAGE. PsTx subsequently was purified to apparent homogeneity by RP-HPLC on the analytical Jupiter C4 HPLC column. Proteins were eluted by using a 1 ml͞min linear gradient (2% per min) from 0.1% TFA to acetonitrile (containing 0.08% TFA). PsTx eluted from this chromatography system at approximately 32.5 min, well resolved from all other proteins.
Expression of CNG Channels. cRNAs encoding the olfactory and rod CNG channels were transcribed by using the mMessage mMachine kit (Ambion, Austin, TX) as described (25) . Xenopus oocytes were injected with Ϸ25 ng of cRNA. For experiments using both the ␣-and ␤-subunits of the rod channel, the respective cRNAs were injected in a 1:2 molar ratio. Patch-clamp experiments were performed 3-5 days after injection.
FIG. 1. (A)
RP-HPLC separation of PsTx from P. australis venom. The components in 100 mg of venom were separated on a C5 column by using a water͞acetonitrile gradient as described. (Upper) The column profile at 280 nm. Ten-milliliter fractions were dried and redissolved in 1 ml of water. After a 1:30 dilution into control buffer, the fractions were applied to excised outside-out patches expressing the olfactory CNG channel ␣-subunit. (Lower) Histogram depicts the fractional inhibition of current at ϩ80 mV (upward, black fill) and at Ϫ80 mV (downward, gray fill). The PsTx eluted at 118 min. (indicated by an arrow, Upper); the corresponding inhibitory activity was found in fractions 59 and 60. These data suggest that PsTx is a minor component of P. australis venom, perhaps Ͻ0.1%. (B) Block of CNG channel currents by 10 mM Mg 2ϩ and crude PsTx (reversed-phase fraction 59). CNG channel currents in excised outside-out patches were evoked by 20-ms steps from a holding potential of mV to a voltage ranging from Ϫ100 to ϩ100 mV in 20-mV steps. Shown are current families in control solution and in the presence of 10 mM MgCl2 and PsTx applied to the extracellular face of the membrane. (C) SDS͞PAGE analysis of reversed-phase fractions 56-64. A 10-l sample of each reconstituted fraction was applied to a SDS-15% polyacrylamide gel. After separation, the gel was stained with Coomassie brilliant blue R250. Inhibitory activity was strongly correlated with the presence of a 24-kDa protein in fractions 59 and 60.
Electrophysiological Methods. Currents were recorded from excised patches in the outside-out configuration by using an Axopatch 200A amplifier and Digidata 1200 interface (Axon Instruments, Foster City, CA), controlled by Pclamp6.0 software. Electrodes were fabricated from borosilicate glass (Sutter Instruments, Novato, CA) and had an initial resistance from 1-2 M⍀. Gigaohm seals were obtained in control solution containing 130 mM NaCl, 3 mM Hepes, and 0.2 mM EDTA, pH 7.4. The internal pipette solution also contained 2 mM cGMP. After obtaining the original seal, the membrane was ruptured with a 5-msec pulse to 1.3 V DC . After allowing the seal resistance to stabilize, outside-out patches were obtained by slowly withdrawing the pipette from the cell. Fiftymillisecond voltage pulses ranging from Ϫ100 to 100 mV in 20-mV intervals were given from a holding potential of 0 mV. Solutions were applied to the extracellular face of the patch via the ''sewer pipe'' method using a RSC-100 rapid perfusion system (Molecular Kinetics, Pullman, WA). The seal resistance and ''leak'' current was estimated by application of 10 mM MgCl 2 in control solution. This concentration of Mg 2ϩ should block Ͼ98% of the current at Ϫ50 mV in all channels studied (26, 27) . To insure that the majority of channels expressed by coinjection of cRNA encoding the rod ␣-and ␤-subunits were heteromeric, we tested their sensitivity to L-cis-ditiazem in excised inside-out patches. The heteromeric version of the channel is Ͼ100-fold more sensitive to block by this drug than the homomeric ␣-subunit version (10) . Application of 10 M L-cis-diltiazem blocked Ͼ85% of the current recorded from patches expressing both the ␣-and ␤-subunits. Currents from patches expressing ␣ alone were blocked only 5-10%.
Amino Acid Analysis and Edman Degradation. Phenylthiocarbamyl amino acid analysis was performed by using an Applied Biosystems 420H͞130͞920 automated sequence system (28) . Edman degradation was performed on an Applied Biosystems gas phase sequencer (model 470͞120͞900) (29) . PsTx (5 g) was carboxyamidomethylated and then digested for 6 hr at 37°C with endoproteinase Asp-N (Boehringer Mannheim) in 1 M urea, 50 mM ammonium bicarbonate by using 2% protease by weight (29) , and peptides were purified by RP-HPLC. Peptide sequences were analyzed for possible homologies by using the National Center for Biotechnology BLAST network (30) .
Miscellaneous Methods. SDS͞PAGE was performed by the method of Laemmli (31) using a mini-Protean II system (Bio-Rad), and gels were stained with Coomassie brilliant blue G-250. Data analysis and curve fitting were done with SIG-MAPLOT software (Jandel Scientific, San Rafael, CA).
RESULTS
In our search for a toxin that blocks CNG channels, we initially screened a variety of toxins known to block calcium channels. When applied at concentrations between 1 and 10 M, the -conotoxins (32, 33), agatoxin-TK (34), calcicludine (35) , waglerine, and taicatoxin (36) had no effect on CNG channels. We also tested the sodium channel antagonist, -conotoxin-GIIIB, which has been reported to block CNG channels (1999) purified from the kidney (37). This toxin also was ineffective on the olfactory and rod CNG channels. Only the arginine polyamine, FTX (38) , had a significant effect on CNG channels. When applied at a concentration of 10 M, FTX blocked approximately 80% of the cyclic nucleotide-dependent current at Ϫ80 mV, but was relatively ineffective at positive voltages. We next screened a variety of crude venoms for novel toxins that blocked CNG channels. Most were applied at 1-10 mg͞ml. We used three criteria during initial screening to select for venoms that might contain high-affinity peptide toxins. Block should be relatively independent of voltage, develop and reverse slowly, and occur when the venom was applied to the extracellular, but not intracellular, face of the patch. We tested venoms from 30 snakes from Australia and Indonesia as well as venoms from several amphibians, lizards, and spiders. Many of the venoms tested contained compounds that produced a fast-acting and voltage-dependent block, similar to FTX. Although only a few venoms met the criteria listed above, the venom from P. australis looked promising. Application of this venom at 5 mg͞ml blocked approximately 80% of the current through the olfactory CNG channel and appeared to have at least two active components. One component produced a rapid, voltage-dependent block of Ϸ50% of the current. With continued application, a second component blocked an additional 20-30% of the current and seemed less voltage dependent. Upon removal of toxin, Ϸ50% of the current recovered within seconds, whereas the remaining 20-30% recovered fully only after several minutes. The slow component of block was not seen when P. australis venom was applied to inside-out patches.
We next set out to purify the active component from P. austalis venom. Noting that many peptide toxins have been successfully purified by RP-HPLC, we applied 100 mg of venom to a C5 semipreparative column and eluted with a water-acetonitrile gradient as described in Fig. 1A . The majority of inhibitory activity was contained in fractions #59 and #60 ( Fig. 1 A and B) . When analyzed by SDS͞PAGE (Fig. 1C) , these fractions contained a protein with a M r of approximately 24 kDa, which was absent in noninhibitory fractions. This protein, which we have named Pseudechetoxin (PsTx), was purified to apparent homogeneity by a subsequent isocratic elution from an analytical C4 reversed-phase column.
To confirm the identity of the toxin, PsTx was purified by a second method, namely cation exchange chromatography (Fig.  2A) . The 24-kDa candidate protein eluted late in the gradient, and its presence was once again correlated with inhibitory activity. As shown in Fig. 2B , PsTx subsequently was purified to apparent homogeneity by RP-HPLC. Fig. 2C shows a Coomassie-stained SDS-15% polyacrylamide gel containing the final RP-HPLC-purified preparation. To ensure that the inhibitory activity present in the purified fractions was, in fact, caused by a protein, PsTx was subjected to digestion with trypsin. As shown in Fig. 3 , this treatment abolished inhibitory activity.
Edman sequence analysis of the intact protein revealed a frayed N-terminal structure with the most abundant component exhibiting the sequence SNKKYQK. A second species began at the first asparagine residue, and a low abundance component began at the first lysine. Amino acid analysis of purified PsTx demonstrated that it is a highly basic protein, with Lys, Arg, and His residues totaling almost 20 mol% (Table  1) . After proteolysis of purified PsTx with endoproteinase Asp-N, an internal peptide was purified by RP-HPLC and found to exhibit the sequence DKHNALRRSVKP-TARNMLQ. Underlined residues are identical in a stretch of helothermine (residues 22-40), a toxin from the saliva of the Mexican beaded lizard (39) . This fragment also shows high homology with the cysteine-rich secretory proteins found in testes and saliva.
We next tested the affinity of PsTx for several types of CNG channels. Purified PsTx was quantified by amino acid analysis and then applied to excised outside-out patches containing olfactory and rod ␣-subunits, and the rod ␣␤ heteromeric channel. The PsTx was diluted to concentrations ranging from 1 to 500 nM in control solution containing 50 g͞ml BSA. The dose-response relations were fit by using the Hill equation to extract the parameters of K i , the concentration required to FIG. 3 . Inhibitory activity of PsTx is sensitive to trypsin proteolysis. Shown are currents recorded from outside-out patches containing the ␣-subunit of the rat olfactory CNG channel. Pipette contains 2 mM cGMP; the extracellular face of the patch was exposed to control solution containing the substances indicated. Voltage pulses were given as described in Fig. 1B . For the panel labeled ''Trypsin,'' 20 nM PsTx was incubated in control solution containing 100 g͞ml of trypsin for 36 hr. at 37°C. At that time, a 2-fold molar excess of soybean trypsin inhibitor (STI) was added to halt digestion. In the panel labeled ''Trypsin ϩ STI,'' trypsin and STI were premixed before incubation. Table 1 . Amino acid analysis of purified PsTx block half of the current, and n, a rough indication of the number of PsTx molecules required. PsTx was most effective at blocking the olfactory ␣-subunit channels with a K i of 5 nM; the rod ␣-subunit was close behind with a K i of 100 nM (Fig.  4A) . Both dose-response relations were fit by using a Hill coefficient, n, of 1.2, suggesting that only a single molecule of PsTx is required for block. Only the highest concentration of PsTx tested (500 nM) had an effect on the heteromeric version of the rod channel, suggesting that the affinity of PsTx for this version of the rod channel (Ϸ3 M) is at least 30-fold lower than that for the ␣-subunit alone.
As shown in Fig. 4B , block of channels composed of the rat olfactory CNG channel ␣-subunit had a relatively rapid onset, reaching equilibrium in 10-20 s when applied at 125 nM, and reversed slowly over 5-10 min after the removal of PsTx. . These kinetic constants predict a binding affinity of 5 nM, which agrees closely with the affinity determined by the dose-response titration.
DISCUSSION
Snake venoms traditionally have been a plentiful source of neurotoxins. The venoms of the Australian elapid snakes, such as P. australis, however, are not well characterized. Previous work has identified only long-and short-chain nicotinic neurotoxins (40, 41) as well as several phospholipases (42) .
Here we report the purification of PsTx, a peptide blocker of CNG ion channels. When applied to the extracellular face of Xenopus oocyte patches expressing the olfactory and rod channel ␣-subunits, it blocked current with a K i of 5-100 nM, with a 20-fold preference for the olfactory channel. Block was almost insensitive to voltage, suggesting that PsTx occludes the external vestibule, but does not significantly penetrate the transmembrane field. Its affinity for the rod ␣␤ heteromultimer was at least an order of magnitude lower (Ϸ3 M). It will be interesting to test PsTx on native channels from photoreceptors and olfactory neurons, as well as on other tissues known to express CNG channels, such as the kidney and hippocampus.
At the molecular level, PsTx is a highly basic, 24-kDa protein. Five of six peptides that we have obtained from PsTx show no homology to other proteins in the database. One stretch of 19 residues, however, shows a high degree of homology to helothermine, a toxin isolated from the saliva of Heloderma horridum horridum, the Mexican beaded lizard (43) . Helothermine has been reported to block a variety of ion channels, including the L-, N-, and P-type calcium channels from cerebellar granule cells (44) , potassium channels in cerebellar granule cells (45) , and the skeletal muscle ryanodine receptor (39) . The same stretch of amino acids also showed a high homology with a family of cysteine-rich secretory proteins (46) . The function of these proteins is virtually unknown at the current time. There is some data to suggest that a testesspecific member of this family is involved in sperm maturation (47) . Given the presence of CNG channels in sperm, it is interesting to speculate that these proteins may serve as endogenous regulators of CNG channel function. Finally, the genes of these secreted proteins encode a signal peptide that subsequently is removed, suggesting that the N-terminal heterogeneity might arise from imprecise cleavage.
PsTx promises to be a useful pharmacological tool for the study of the structure and function of CNG channels. One obvious structural question concerns the graded affinity of PsTx for the three channel types tested here. By testing the affinity of chimeric channels, it should be possible to further define the toxin's binding site on the extracellular face of the channel. A long-range goal is to map the structure of the channel's outer vestibule by using complementary mutagenesis of the channel and PsTx. This type of molecular cartography has been enormously successful on potassium channels by using mutants of charybdotoxin (48, 49) .
Experiments are underway to investigate the ability of PsTx to block other types of channels. Helothermine has been shown to inhibit current through a broad spectrum of channels. Although this possibility is a concern with PsTx, the lack of similarity in amino acid composition makes it unlikely that PsTx inhibits a similar spectrum of channels. If PsTx turns out to be relatively specific, it can be used as a pharmacological scalpel to dissect out the physiological roles of CNG channels.
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FIG. 4. (A)
PsTx blocks CNG channels with nM affinities. Outsideout patches containing the ␣-subunit of the rat olfactory CNG channel (rOLF; F), the ␣-subunit of the bovine rod CNG channel (bRET; E), or both the ␣-and ␤-subunits of the bovine rod CNG channel (bRET␣␤; }) were tested for their sensitivity to block by PsTx at Ϫ60 mV. Dose-response relations were fit by the Hill equation: IϩPsTx͞ IϪPsTx ϭ Ki n ͞([PsTx] n ϩ Ki n ) to determine apparent affinities. The fit parameters for the curves shown were: rOLF ϪKi ϭ 5 nM, n ϭ 1.2; bRET Ϫ Ki ϭ 100 nM; n ϭ 1.2; bRET␣␤ Ϫ Ki ϭ 3.5 M; n ϭ 1.2. (B) Block by PsTx was slow to develop and reverse. Voltage pulses to ϩ50 mV were given every 2.5 or 5 sec. to outside-out patches expressing the rat olfactory CNG channel ␣-subunit. Shown is the fractional current as a function of time after the application and removal of 125 nM PsTx (arrows). Thin lines show single exponential fits with rate constants kon ϭ 4 ϫ 10 5 M Ϫ1 sec Ϫ1 and koff ϭ 2.1 ϫ 10 Ϫ3 sec Ϫ1 .
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